Ureteral stent (UrSt) placement has been shown to be a significant independent risk factor for BK viruria, viremia, and BK virus nephropathy. We assessed whether this observation could be validated at our high volume kidney transplant center that has had a strong historical focus on BK virus nephropathy detection. We performed a retrospective case-control study of adults receiving a kidney-only transplant and followed for 1 year between 2004 and 2011 with uniform immunosuppression and use of blood BK virus PCR screening protocol. Among 1147 patients, 443 (38.6%) received a UrSt and 17.2% with a UrSt had BK viremia versus 13.5% without stent (odds ratio 1.33; 95% CI: 1.00-1.78). We confirmed a previously reported association between immediate graft function (IGF) and higher rate of BK viremia (15.7% vs. 5.9% in patients without IGF). On multivariable competing risks Cox regression in patients with IGF, UrSt (adjusted hazard ratio [aHR] 1.35; 95% CI: 1.04-1.75) and African American race (aHR 1.47; 95% CI: 1.04-2.09) significantly increased the risk for BK viremia. In the largest sample size to date, we confirmed that UrSt placement during kidney transplant surgery is a risk factor for BK viremia within the first year post-transplant and that IGF is associated with BK viremia.
Introduction
BK virus has been recognized as a major cause of chronic renal allograft failure with recent studies describing the diagnosis of BK virus nephropathy (BKVN) in up to 7% of kidney transplant recipients [1] . In most cases, there is a progression from BK viruria to viremia to nephropathy and elevated BK viremia titers have been shown to be highly predictive of BK virus nephropathy on biopsy [2, 3] . Efforts to prevent BK virus nephropathy have led investigators to explore the mechanisms by which BK virus causes nephropathy and identify modifiable risk factors that predispose kidney transplant patients to BK virus nephropathy [4] . Known risk factors for BK virus infection include male gender [5] , older age [5] , donorpositive BK virus serostatus [6] , pretransplant recipientpositive BK virus serostatus [3, 6, 7] , ATG (antithymocyte globulin) induction therapy [8] , tacrolimus and/or mycophenolate mofetil maintenance therapy [5, 8] , corticosteroid therapy [3, 5] , and acute rejection [3] . Several studies have identified the use of ureteral stent during kidney transplant surgery as an independent risk factor for BKVN [2, 9, 10] . More recent studies have shown a similar association of ureteral stent placement with BK viremia and viruria [11] [12] [13] . The advantage of using ureteral stents to prevent major postoperative urologic complications after kidney transplantation was shown in a Cochrane review meta-analysis [14] . However, the studies reviewed were performed prior to reports describing the increased risk of BK viremia in patients with ureteral stents, which may alter the riskbenefit profile.
Our goal in this study was to identify risk factors for BK viremia and assess whether prior results of association between the use of ureteral stents and a higher rate of BK viremia at other centers could be replicated at Washington University in St. Louis, a high volume kidney transplant center with a long-standing interest and focus in early BK virus nephropathy detection. We report the largest retrospective review to date describing risk factors for BK viremia within the first year after kidney transplant.
Patients and methods
After approval by the Institutional Review Board of Washington University in St. Louis School of Medicine, we performed a retrospective review of all first kidneyonly transplants in adult recipients performed at Barnes-Jewish Hospital, with a minimum of 12-month follow-up. The study time period of January 1, 2004 , to November 30, 2011 , incorporated the implementation of a uniform steroid-sparing immunosuppression protocol and initiation of a uniform BK viremia screening protocol. Pediatric patients were excluded from this study as surgeon preference to use ureteral stents resulted in stenting of virtually all pediatric patients. Patients receiving a second kidney transplant, combined kidney-liver, and kidney-pancreas transplants were excluded to ensure uniformity of the patient population. Patients were excluded from the study if the operative report was not available electronically for review or if blood BK virus PCR testing was missing. Graft loss and death within the first year after transplant were included as competing risk factors for BK viremia. The decision to place a stent was based on surgeon preference. The stent used was always a 6 French 12-cm double-J type indwelling stent. The stents were removed at approximately 6 weeks post-transplant. Throughout the 7-year period of the study, the respective surgeons maintained their practice of either placing a stent or not placing a stent.
We reviewed each transplant surgery operative report to determine whether a ureteral stent was placed during kidney transplant surgery. We collected transplant recipient data (age, gender, race, CMV serostatus), donor source (living or deceased), organ donor CMV serostatus, transplant surgery data (organ ischemia time, immediate versus delayed graft function), episodes of rejection (at discharge, 6 months, and 1 year), and induction medication used for immunosuppression. Delayed graft function (DGF) was defined as need for hemodialysis within the first 7 days post-transplant. Acute rejection was defined as the presence of evidence of acute rejection on biopsy according to the Banff 2007 grading system [15] .
Immunosuppression regimen included either rabbit antithymocyte globulin (Thymoglobulin, Genzyme, Cambridge, MA, USA) 6 mg/kg IV total dose (2 mg/kg intra-operatively and 2 mg/kg on postoperative days 1 and 2) until 2009, then after 2009, 5 mg/kg IV total dose (1 mg/kg intra-operative and 2 mg/kg post-transplant days 1 and 2) or basiliximab 20 mg IV preoperatively then again on post-transplant day 4 or alemtuzumab 30 mg IV once intra-operatively. Corticosteroid dosing included prednisone 1 mg/kg PO in the first week post-transplant which was tapered to 5 mg daily PO at 1 month post-transplant. Maintenance medication included corticosteroid (prednisone 5 mg PO daily from 1 month post-transplant onwards) and calcineurin inhibitor (either tacrolimus or cyclosporine), and antimetabolite (either mycophenolate mofetil or mycophenolic acid). Tacrolimus dosing was 5 mg PO twice daily, with target level 7-10 ng/ml during first month post-transplant and target level 3-7 ng/ml after first month post-transplant. Cyclosporine dosing was 8 mg/kg/day PO divided into twice daily dosing with target level 250-300 ng/ml during first month posttransplant, then after first month post-transplant dosing adjusted to achieve target 12-h trough level of 75-150 ng/ml, and target 90-min peak level 400-600 ng/ml. Antimetabolite dosing for mycophenolate mofetil was 1000 mg twice daily PO and reduction to 500 mg twice daily if necessary for WBC <5000/mm 3 or severe diarrhea, and dosing for mycophenolic acid was 720 mg twice daily. Mycophenolate mofetil was reduced to 500 mg PO twice daily, and mycophenolic acid was reduced to 360 mg twice daily by postoperative day 5 in most cases. In the setting of DGF, there was no specific adjustment in immunosuppression strategy.
All blood BK virus testing was performed at the adjoining St. Louis Children's Hospital Virology Laboratory which uses a quantitative real-time PCR assay for BK virus DNA with a lower limit of detection of 3200 copies/ml using the LightCycler platform. The primers used amplify a 176-base pair segment of BK virus genome using the following hybridized probes: (i) PEP-1: AGT-CTT-TAG-GGT-CTT-CTA-CC; (ii) PEP-2: GGT-GCC-AAC-CTA-TGG-AAC-AG; (iii) BKF: TTG-CCA-TGA-AGA-TAT-GTT-TGC-CAG-TGA-TGA-FITC; and (iv) BKR: LCRed640-GAA-GCA-ACA-GCA-GAT-TCT-CA. The testing protocol included plasma BK PCR measurements monthly for 6 months and then at 9 months and 12 months and for cause at any time after transplant. The primary end point was first detection of BK viremia detected within the first year post-transplant. Identification of BK viremia prompted a reduction in the maintenance immunosuppression dose initially with immediate and, in most cases, indefinite withdrawal of the antimetabolite. If viremia did not resolve, tacrolimus level was further reduced. In certain instances, cidofovir was administered; however, data were not collected to describe these interventions.
Clinical data analyzed included placement of ureteral stent, positive testing for BK virus PCR in blood, age group (18-50, >50 years), recipient gender, race (Caucasian, African American, and other), donor source (living or deceased), cold ischemia time (<12, 12-24, >24 h), graft function (immediate or delayed), and induction agent (thymoglobulin or others).
Statistical analyses
The chi-square test was used to analyze associations between categorical variables. A one-tailed chi-square test was used to characterize the association between ureteral stent placement and presence of BK viremia as multiple prior studies have described this direction of association. A two-tailed chi-square test was used to analyze associations between other categorical variables. The Z test, or t-test, as appropriate, was used to analyze continuous variables. Risk factors that were found to be significant on univariate analysis were then included in two separate multivariable Cox regression analyses (without and with censoring for the competing risks of patient death or allograft failure within the first year post-transplant) to identify independent risk factors. Results of univariate analysis were reviewed to consider plausible confounders to include in multivariable analysis. If the patient did not experience an event (BK viremia, death or graft loss), then they were censored at 365 days. The log-rank test was used to compare time of onset of BK viremia in patients with and without stent placement, and a Kaplan-Meier plot was generated to compare BK virus infection-free survival, with censoring for the competing risks of patient death or allograft failure within the first year post-transplant. P-values and confidence intervals were estimated using the Wald statistic. All analyses were performed using SAS software, version 9.2 or 9.4 (SAS Institute, Inc., Cary, NC, USA).
Results
A total of 1482 kidney-only transplants were performed at Washington University in St. Louis from January 1, 2004, to November 30, 2011. After excluding patients who were younger than 18 years of age at the time of transplant, or who transferred to a different institution preventing 12-month follow-up, 1260 were left eligible. In 15 subjects, we were unable to determine whether stent was placed during kidney transplant surgery and in 90 subjects blood BK virus PCR results were missing. Of the remaining 1155, there were seven patient deaths and one allograft failure prior to 12 months. Thus, 1147 subjects had complete data ( Fig. 1) . BK viremia occurred in 171 of 1147 patients (14.9%).
The demographics and clinical characteristics of the patients with stent placement were compared to those of the patients without stent placement (Table 1) . Among the 1147 patients included in the study, UrSt was placed in 443 patients (38.6%). BK viremia was detected in 17.2% of patients receiving stent placement, compared to 13.5% of patients without stent placement (P = 0.045; Table 1 ). We also found that IGF was associated with BK viremia. Among patients with IGF, BK virus was detected in 15.7% of patients, compared to 5.9% in patients with DGF (P = 0.007). We found that there was no significant difference in rate of DGF between patients receiving stent (9.5%) compared to patients without stent placement (7.9%), (P = 0.351). The group receiving UrSt had a higher proportion of female recipients and living donors, but were not different by age, donor CMV positive status, recipient CMV positive status, anti-thymocyte globulin status, acute rejection at 6 months after transplant, or acute rejection at 12 months after transplant. When comparing those with and without BK viremia, we found no statistically significant difference among the two groups in univariate analysis, though recipient African-American race was near to significance (P = 0.078). Recipient CMVpositive status, antithymocyte globulin status, acute rejection at 6 months after transplant, or acute rejection at 12 months after transplant when comparing those with and without BK viremia. In a time to event analysis that censored for the competing events of patient death or allograft failure prior to 12 months post-transplant, the median time to initial detection of BK viremia in patients with stent was 143 days, compared to 175 days in patients without stent placement, which was found to be statistically significant on log-rank test (P = 0.039), as shown on a Kaplan-Meier plot (Fig. 2) .
When we evaluated stent placement and graft function together, only 35 patients with stent placement went on to demonstrate DGF and none of these patients developed BK viremia. However, 407 patients with stent placement went on to demonstrate IGF, and 76 developed BK viremia ( Table 2 ). Multivariable Cox regression was performed on only the subjects with IGF, due to the zero cell count when assessing the stent and DGF interaction. The initial model, incorporating the 1147 subjects with complete data out to 12 months in all subjects, identified two independent and statistically significant risk factors for BK viremia: stent use (adjusted hazard ratio 1.36; 95% CI: 1.05-1.76, P = 0.024) and African American race (adjusted hazard ratio 1.51; 95% CI: 1.06-2.15, P = 0.022; Table 3 ). A second model, incorporating the seven patient deaths and one allograft failure prior to 12 months as competing risks, also identified the same two independent risk factors for BK viremia with almost identical results:
Stent use (adjusted hazard ratio 1.35; 95% CI: 1.04-1.75, P = 0.028) and African American race (adjusted hazard ratio 1.47; 95% CI: 1.04-2.09, P = 0.031; Table 3 ).
Discussion
As the use of modern immunosuppression has successfully decreased the incidence of acute rejection, and improvement in surgical technique has decreased the rate of postoperative complications after transplant surgery, the risk of graft loss due to opportunistic infections has become an important cause of graft loss [10] . Infection with BK polyomavirus resulting in BK virus nephropathy was initially described in 1971 and is now known to affect approximately 15% of kidney transplant patients within the first year post-transplant [4] . Several risk factors for BK virus infection have been identified, including male gender [5] , older age [5] , donor-positive BK virus serostatus [6] , pre-transplant recipient-positive BK virus serostatus [3, 6, 7] , and acute rejection [3] . Modifiable risk factors for BK virus infection include use of ATG induction therapy [8] , tacrolimus and/or mycophenolate mofetil maintenance therapy [5, 8] , corticosteroid therapy [3, 5] , and UrSt placement at time of transplant surgery [2, 9, 10, 13, 16] .
In this single-center, retrospective case-control study exploring risk factors for BK viremia in patients receiving kidney transplant, we confirmed that UrSt placement is associated with increased risk of BK viremia in the first year after kidney transplant. In addition, multivariate analysis revealed that immediate graft function is associated with increased rate of BK viremia. These findings support results from previous studies performed on smaller populations [5, 13] and affirm the need for greater vigilance for BK-related kidney disease post-transplant in patients receiving ureteral stent placement. The use of ureteral stents has been proven to reduce the postoperative complications of kidney transplant surgery, especially complications related to the vesicoureteric anastomosis [17] [18] [19] . A recent Cochrane review of seven randomized controlled trials demonstrated that routine use of prophylactic stenting at the time of graft implantation decreases the incidence of major urologic complications, specifically urine leaks and ureteric stenosis [14] . The authors described that longer stent length (>20 cm) and stent placement for extended duration (>6 weeks) were associated with increased risk of encrustation and migration. They also described increased risk of urinary tract infections among patients who received stent placement. Of note, the authors did not specifically address the incidence of BK viremia or BK virus nephropathy so the advantage of stent placement in decreasing the incidence of major urologic complications was described without considering the effect on the risk of BKVN.
Multiple single-center studies comparing outcomes of patients receiving kidney transplant surgery with and without stent placement have investigated the incidence of BK viremia as well as BK virus nephropathy ( Table 4 ). The study by Brennan et al. [2] from our center published in 2005 used a prospective study design with a population of 200 patients and identified the use of ureteral stents as a risk factor for sustained BK viremia (defined as positive blood samples spanning 3 or more weeks) with a significant hazard ratio of 4.3 (P = 0.044). The study by Thomas et al. [9] in 2007 used a retrospective case-control study design with 20 cases of polyomavirus nephropathy (PVN) matched to 46 controls and reported that the placement of ureteral stent carried an odds ratio of 5.63 (P = 0.004) for the development of PVN in univariate analysis and remained an independent risk factor after multivariate analysis (adjusted OR, 4.71; P = 0.03). The study by Siparsky et al. in 2011 used a retrospective study design with a study population of 186 patients and reported that ureteral stent placement conferred an increased risk of BK viremia with an odds ratio of 3.17 (P = 0.02). No additional risk factors were identified in the study. However, aside from use of ureteral stent, only demographic data and allograft type (donated after cardiac death versus donation after brain death versus living unrelated donation), diabetes status, and retransplant status were compared [12] . The study by Hashim et al. [13] in 2014, which included one of the present study authors but at a separate center, used a retrospective study design with a larger study population of 621 patients and reported an increased adjusted risk of both BK viruria (adjusted OR, 1.67; P = 0.04) and BK viremia (adjusted OR, 1.55; P = 0.04).
Our study confirmed the previously described association between use of ureteral stent and increased risk for BK viremia. The results clearly support the findings in the previous studies that identified the use of ureteral stent as a risk factor for BK viremia or BK virus nephropathy.
Interestingly, we also observed that among patients with IGF, there was a statistically significant association with BK viremia, which reproduces the results presented in the study by Hashim et al. in 2014 [13] . We found that there was no statistical significance between rate of DGF among patients with and without stent placement, which suggests that the effect of stent use to avoid major urologic complication is not a confounding variable. A literature review of risk factors for BK viremia provided at least four points to explain the observed association between IGF and BK viremia. First, IGF may be associated with preservation of uroepithelial cell function and nucleic acid replication machinery which could facilitate viral replication. Although DGF has been shown to be associated with BK virus nephropathy in the renal parenchyma [9] , similar studies have failed to show an association between DGF and replication of the BK virus in blood and urine [13] . These findings suggest that intact uroepithelial cell function and nucleic acid replication machinery as well as intact urine volume may be required for viral replication and transfer to the blood, but different risk factors potentially contribute to progression to nephropathy. In this regard, studies have shown that BK virus infection of uroepithelium is significantly different than BK infection of renal tubular epithelium [20] . A study by Priftakis et al. [21] compared BK viruria rates between living donor and deceased donor kidney transplant recipients concluded that longer cold ischemia time does not increase the risk of BK viruria. In addition, BK virus replication requires the functionality of the host cell for entry [22] , transport to host cell nucleus [23] , and replication within host cell [24] . A second reason why IGF may be associated with BK viremia is that patients with IGF are more likely to have increased urine output in the immediate postoperative phase which may facilitate the development of BK viruria, a known precursor to the development of BK viremia [3] . A third possible contributing factor is that patients with IGF are more likely to have shorter hospitalizations and are thereby are at higher risk for community acquired infection with BK virus given that the prevalence of BK virus is as high as >80% in the adult population [25] . Fourth, some mouse models have suggested that uroepithelial cell injury, which may occur with prolonged cold ischemia and DGF, might increase the risk for BKV nephropathy; however, these hypotheses are related to nephropathy, not precursor viral replication [12, 26, 27] . One study in humans by Thomas et al. [9] identified DGF as a risk factor for BK nephropathy in univariate analysis (P = 0.02); however, this association was not confirmed in multivariate analysis (P = 0.22). The study concluded that DGF is not an independent risk factor for BK nephropathy and confirmed that among all the variables included in multivariate analysis, only stent placement was an independent risk factor for BK nephropathy (P = 0.03). Our results, in conjunction with those of Hashim et al., from two independent populations found that DGF was associated with decreased risk for BK viremia.
In addition, our study identified African American race as an independent risk factor for BK viremia among patients without DGF. All the previously mentioned studies describing risk factors for BK viremia compared the incidence of BK viremia between races, including the studies by Brennan et al., Thomas et al., Siparsky et al. and Hashim et al. [2, 9, 12, 13] . None of these studies identified race as a risk factor after multivariate analysis. Given the number of patients in the study, the increased statistical power likely contributed to our ability to identify a significant difference not detected in other studies. African American patients were exposed to increased immunosuppression because the transplant protocol used at our center recommended routinely using either thymoglobulin or basiliximab during for induction therapy unless the transplant case involved an HLA identical Caucasian living donor, in which case neither thymoglobulin nor basiliximab was used for induction. However, given that use of antithymocyte globulin was not a risk factor for BK viremia, there is no evidence to suggest that selection of induction medication based on race was associated with increased risk for BK viremia. African American patients may be at risk for increased immunosuppression given that higher doses of tacrolimus are often required to achieve target trough levels. However, at our center, target tacrolimus levels were not different for African Americans.
Despite the multiple clinical reports that suggest that the use of ureteral stents is associated with increased risk of BK viremia and subsequently BK virus nephropathy, the mechanism behind this increased risk is not well understood [28] . The concept of the two hit hypothesis is described by Thomas et al. [9] which suggests that patients who undergo kidney transplant surgery requiring immunosuppression are at risk for opportunistic infection and that the mild ureteral irritation induced by stent placement causes the second hit resulting in increased translocation of the BK virions from the urinary space into the blood space and subsequently into the renal parenchyma. Also, a study by Funk, et al. [29] used mathematical modeling of BK virus replication dynamics to demonstrate that viral replication likely begins in the kidney, enters the urinary space, and then flows bidirectionally between the kidney and urinary tract. While the exact mechanism by which stent placement results in infection with BK virus remains elusive, these studies suggests that a causal relationship is plausible.
The limitations of this study include its single-center study population and retrospective study design. We were unable to collect pre-transplant BK viremia or viruria levels in either recipient or donor because they are not routinely performed at our center per current clinical practice guidelines [30] . We did not collect data on timing of stent removal as this risk factor for viremia was studied by Kayler et al. [31] and was not found to be associated with BK viremia. We did not study peak BK viremia level, incidence of biopsy-proven BK virus nephropathy, or graft survival. We did not collect data describing etiology of end-stage renal disease, HLA matching, timing of stent removal, tacrolimus levels, other maintenance immunosuppression data, ureteral complications, duration of Foley catheter placement, or incidence of urinary tract infection. To our knowledge, no published data suggest that the aforementioned clinical characteristics place patients at risk for BK virus nephropathy. Plasma BK virus testing was performed at a maximum frequency of every month (during the first 6 months) and minimum frequency of once every 3 months (at 9 and 12 months), so interval censoring prevented the detection of BK viremia that developed between testing time points. In addition, the decision for stent placement was based on surgeon preference so stent placement was not random and therefore contributes to bias in patient selection. The criteria used by each surgeon for stent placement varied based on multiple factors including training experience and complexity of anastomosis, and these variables were not controlled in the data analysis. Finally, IGF is the desired outcome in all patients receiving kidney transplant, so even if prospective studies confirmed an association between IGF and increased risk of BK virus awareness of this association is unlikely to change standard practice for reducing DGF, but may impact stent placement practices.
Although the findings in this study confirm the results of previous studies that explored the association between use of ureteral stents and BK viremia, more efforts are needed to further characterize this association. A prospective randomized controlled study is needed to confirm the increased risk of ureteral stents on the development of BK nephropathy. Once an association is established, additional studies will be needed to determine whether stent placement results in any measureable morbidity (i.e., worsening renal function, graft rejection, or graft loss). Recognition of the impact of stent placement would help lead to strategies for improved transplant survival. For example, calculation of the rate of stent avoidance (number needed to treat) in order to prevent a single episode of BKVN or graft loss would identify specific opportunities to improve these outcomes. Also, subsequent investigation would be needed to determine the trade-offs between the positive impact of stents preventing postoperative complications and the negative impact of increased risk of BK nephropathy.
In conclusion, our era of modern immunosuppression has brought an increased incidence of infection as the etiology of renal allograft nephropathy and the new challenge of identifying modifiable risk factors for graft loss due to BK virus nephropathy. Our study, with the largest sample size to date, confirms studies performed at other centers demonstrating that ureteral stent placement increases the risk of BK viremia within the first year post-transplant. The study identified an increased risk of BK viremia among patients with immediate graft function as previously reported by Hashim et al. We also identified an increased risk of BK viremia among African American patients with immediate graft function. We recommend routine viral PCR monitoring to guide immunosuppression dosing, as recommended in KDIGO guidelines with increased emphasis when stent is placed [30] . In addition, a multicenter prospective study is needed to understand whether these findings can be confirmed in the general kidney transplant population nationwide. Finally, we recommend that the risk of developing BK virus nephropathy post-transplant be weighed against the risk of developing urologic complications when planning for placement of ureteral stent during kidney transplantation.
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